Genetic testing of cancer susceptibility genes is now widely applied in clinical practice to predict risk of developing cancer. In general, sequence-based testing of germline DNA is used to determine whether an individual carries a change that is clearly likely to disrupt normal gene function. Genetic testing may detect changes that are clearly pathogenic, clearly neutral, or variants of unclear clinical significance. Such variants present a considerable challenge to the diagnostic laboratory and the receiving clinician in terms of interpretation and clear presentation of the implications of the result to the patient. There does not appear to be a consistent approach to interpreting and reporting the clinical significance of variants either among genes or among laboratories. The potential for confusion among clinicians and patients is considerable and misinterpretation may lead to inappropriate clinical consequences. In this article we review the current state of sequence-based genetic testing, describe other standardized reporting systems used in oncology, and propose a standardized classification system for application to sequence-based results for cancer predisposition genes. We suggest a system of five classes of variants based on the degree of likelihood of pathogenicity. Each class is associated with specific recommendations for clinical management of at-risk relatives that will depend on the syndrome. We propose that panels of experts on each cancer predisposition syndrome facilitate the classification scheme and designate appropriate surveillance and cancer management guidelines. 
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Full sequence analysis of the BRCA1 (MIM] 113705) and BRCA2 (MIM] 600185) genes was introduced in 1996 by Myriad Genetic Laboratories (Salt Lake City, UT), as one of the first sequence-based tests offered to identify increased risk for an otherwise common cancer [Collins, 1996] . Sequence-based tests are now ubiquitous in genetic testing, due to advancement in highthroughput sequencing technologies and alternative approaches where mutation scanning methodologies are followed by sequencing of the targeted region. The vast majority of DNA sequence changes that result in an increased risk of developing cancer focus on identifying inactivating mutations that can occur throughout the length of the coding region of a tumor suppressor gene.
For sequence-based genetic tests, there are three possible results reported to physicians: 1) positive, in which a mutation that clearly disrupts gene function (and therefore is highly likely to cause clinical consequences) is detected; 2) negative, in which no variation in DNA sequence is detected; and 3) uncertain, in which a sequence ''variant of uncertain/unclassified significance'' (VUS) or ''unclassified variant'' (UV, UCV) is detected and it is not known whether the variant has any effect on gene function that might confer an increased cancer risk. One laboratory from the Netherlands reported that from one-third to one-half of the sequence changes reported for BRCA1 and BRCA2, respectively, were such variants [Gomez-Garcia et al., 2005] . Similarly, analysis of the Myriad Genetics Laboratory data revealed that a physician who orders BRCA1 and BRCA2 testing has a similar likelihood of receiving a variant result (13%) as one with a pathogenic mutation [Frank et al., 2002] . The likelihood of a variant result is even higher for individuals from understudied populations who undergo genetic testing due to insufficient information on the common polymorphisms in that population [Kean-Cowdin et al., 2005; John et al., 2007] . In addition, less well-studied or newly-identified disease-associated genes present greater challenges for interpretation of sequence-based results.
Appropriate use of genetic testing in daily clinical practice requires clear reporting by laboratories, well-informed interpretation by clinicians, and clear communication of the consequences to patients. A classification system for variants with recommendations for action, coupled to each class would help facilitate this goal. Clinical interpretation of sequence variants is not limited to testing for cancer susceptibility. Genetic testing is used for a variety of purposes from risk prediction, carrier testing, and reproductive decision-making, which may impact how variants are classified. In this work we focus on genetic testing for autosomal dominant cancer susceptibility with the expectation that success with this clinical application may lead to further expansion to other types of genetic testing.
The question of how to report out complex data for prediction of cancer association is not unique to genetic testing. There are several clinical classifications systems in oncology that have been generally perceived to be effective in conveying the likelihood of a test result being associated with disease. We briefly review some of these systems, as they serve as a template for our recommendations with regard to genetic testing for cancer susceptibility.
BREAST CANCER TRIPLE ASSESSMENT BY CLINICAL EXAMINATION, IMAGING, AND CYTOLOGY
A consistent reporting framework using triple assessment is well established as a valuable tool in preoperative breast cancer diagnosis [Boerner and Sneige, 1998; Roskell and Buley, 2004; Farshid and Downey, 2005] . Following triple assessment of a breast lesion, the most suspicious category prevails in planning further management.
In many countries, the results of mammography examinations used as a screening tool for breast cancer are reported using the Breast Imaging Reporting and Data System (BIRADS) classification of the American College of Radiology [Kerlikowske et al., 1998 ]. The BIRADS system includes seven possible categories for the reporting of the results (Table 1) . Of note, each category is paired with a clinical recommendation for further procedures; e.g., biopsy or follow up interval. This system has been in use in the United States since 1995 and is now accepted internationally for mammography reporting [Balleyguier et al., 2007] .
Similarly, experienced cytopathologists analyze cells obtained from fine-needle aspiration cytology of a palpable breast lesion. Cytological preparations cannot always be clearly interpreted (like sequence variants) and are also classified into five categories (malignant, suspicious, atypical, benign, or inadequate) . Clinicians use these data alongside evidence from radiological and clinical findings to reach a diagnosis.
IARC CARCINOGEN CLASSIFICATION
Another well-established classification system for cancer association is the determination of whether compounds are carcinogenic to humans. The IARC Monographs program was established in 1971. Its objective is to prepare, with the help of international Working Groups of experts, and to publish in the form of Monographs, critical reviews and evaluations of evidence on the carcinogenicity of a wide range of human exposures (see http://monographs.iarc.fr/ENG/Preamble/CurrentPreamble.pdf).
The first step is evaluating the strength of the evidence for carcinogenicity arising from human and experimental animals, using standard terms. Evidence relevant to carcinogenicity from human and animal studies is classified into one of four categories: sufficient evidence, limited evidence, inadequate evidence, or evidence suggesting lack of carcinogenicity. Mechanistic data are evaluated for the strength of evidence that an observed carcinogenic effect is due to a particular mechanism, using terms such as ''weak,'' ''moderate,'' or ''strong''. The body of evidence for carcinogenicity derived from human, experimental animal, and mechanistic studies are combined into an overall evaluation of the carcinogenicity of the agent to humans into one of five categories ( Fig. 1 ; Table 2 ). A working group made up of experts in the exposure under consideration may assign the agent to a higher or lower category than a strict interpretation of human and animal data would indicate.
OTHER CLASSIFICATION SYSTEMS FOR SEQUENCE VARIANTS
In 2007 practice guidelines were proposed for classification of variants as a corporate action of the Dutch and British societies for clinical molecular genetics (as presented on their website: http:// cmgsweb.shared.hosting.zen.co.uk/BPGs/Best_Practice_Guideli-nes.htm). These guidelines set quality standards and lines of evidence from a clinical molecular genetic point of view that should be reviewed in assessing whether a variant might be pathogenic. This guideline concludes that it is essential to report all sequence variants. It proposed reporting uncertain variants in three classes: a) certainly not pathogenic; b) unlikely to be pathogenic; and c) likely to be pathogenic. However, the levels of pathogenicity to place a variant into any given category, and clinical recommendations associated with each category, were not included. Similarly, recently published recommendations by the American College of Medical Genetics (ACMG) provide six standard categories for interpretation and reporting of sequence variations, and focus on the provision of quality clinical laboratory genetic services. However, they do not recommend specific quantitative information to categorize variants. There is a broad category 3-''sequence variation previously unreported and is of the type which may or may not be causative of the disorder'' [Richards et al., 2008] .
PROPOSED CLASSIFICATION SYSTEM
We propose a classification system that more clearly conveys information about the relevance of a variant to clinical practice, including cancer risk assessment and the need for future studies. This system will encompass variants that are definitely pathogenic and definitely neutral, as well as those currently of unknown clinical significance. We recommend dropping the term ''unclassified'' in describing variants, unless it applies to variants identified in the laboratory prior to being designated a specific class. Similar to the oncology systems described above, we propose that clinical and research purposes will best be served by five classes (see Table 3 ).
Class 1 corresponds to the qualitative classification ''not pathogenic'' or ''no clinical significance.'' Assigning a variant to Class 1 rules out a major clinically significant effect of that variant on cancer risk. Some apparently neutral variants might actually confer low increases (or decreases) in cancer risk, of the order of magnitude associated with common polymorphisms reported in genome-wide association studies (GWAS) [Easton et al., 2007b; Hunter et al., 2007] . However, the proposed reporting and classification system described here pertains only to clinical testing for mutations of likely high penetrance.
The major advance of the proposed classification system is the creation of Class 2 and Class 4, ''likely not pathogenic/little clinical significance (LCS)'' and ''likely pathogenic,'' with a consistent definition of the likelihood of pathogenicity of 5% and 95%, respectively. The working group felt that it was important to distinguish these two groups of variants from Class 3 (''uncertain'') to differentiate variants for which there is really too little information to make any recommendation (Class 3) from those for which there is significant, but not irrefutable, evidence against (Class 2) or for (Class 4) pathogenicity. The initial test report should convey that the classification category may be altered if more evidence becomes FIGURE 1. The algorithm used for data combination during evaluation of possible carcinogens. ESLC=evidence suggesting lack of carcinogenicity. The agent is probably carcinogenic to humans 2B
The agent is possibly carcinogenic to humans 3
The agent is not classi¢able as to its carcinogenicity to humans 4
The agent is probably not carcinogenic to humans IARC, International Agency for Cancer Research.
available in the future; e.g., segregation studies, tumor histopathology, in vitro assays, etc. The classification category can therefore be continually refined as data accumulate. The ideal system would enable a quantitative assessment for each variant. In some cases, a probability of pathogenicity can be assigned based on likelihood ratios or odds ratios that are determined empirically from multiple lines of evidence [Goldgar et al., 2004; Easton et al., 2007a] , as described below. Although at the present time accurate quantification is only possible for a small number of variants in a few genes, this number will increase. Laboratory and computational methods for classifying variants are improving, and as more families are identified with variants, more definitive results will come from segregation analysis and statistical genetic methods with comprehensive and widely accessible geneor disease-specific databases curating evidence on variants as these become available (see companion articles in this special issue Easton et al., 2008; Goldgar et al., 2008; Tavtigian et al., 2008; Greenblatt et al., 2008] ).
However, even when some types of information cannot be quantified, we recommend that all available data be used to assign each variant to one of these five classes. This classification may incorporate information including the strength of multiple lines of evidence, similar to the IARC system for classifying carcinogens (see http://monographs.iarc.fr/ENG/Preamble/CurrentPreamble. pdf). For example, an arbitrary point-based system has been suggested for mismatch repair (MMR) or other repair gene variants, but is not currently in general use [Barnetson et al., 2008] . We recognize that for genes with limited information this may result in the majority of variants being assigned to Class 3.
UTILIZATION OF THE CLASSIFICATION SYSTEM
Use of this classification system will facilitate the processing and transmission of appropriate information to patients and improve clinical utilization of the information in the following ways: 1) genetics professionals, and clinicians who regularly deal with high risk patients, will be able to transmit to their patients the classification, the general rationale, and the clinical recommendations based on each class of variant; 2) health professionals without genetics training who care for patients who have undergone genetic testing will be better able to understand the information if a clear and consistent classification system is used and if that system includes instructions for appropriate clinical actions for each category as exemplified by the BIRADS classification. Therefore, the risk of misinterpretation and misinformation reaching patients will be reduced.
Understanding what evidence was considered in classifying each variant, and how the data were integrated will be beyond the expertise of most clinicians. Experts will have to develop standards for each class of information, evaluate the data available to set those standards for each variant, and transmit the conclusions and a summary of the data to the clinical and molecular testing communities. Expert panels already exist through international consortia on cancer susceptibility, including the Breast Cancer Information Core (BIC) Steering Committee, which interprets sequence variants in the BRCA1 and BRCA2 genes and posts conclusions on the BIC website http://research.nhgri.nih.gov/bic. The International Society of Gastrointestinal Hereditary Tumors (InSiGHT; www.insight-group.org) has established a committee to classify variants in MMR genes, in partnership with the Human Variome Project (HVP; www.humanvariomeproject.org) to achieve the goal of classifying MMR gene variants [Cotton, 2008] . Its additional goals are to: 1) establish standards for each type of evidence and for integrating them; 2) validate each type of evidence, and quantify if possible with predictive values; and 3) promote transparency in the process of evaluating data and displaying conclusions. The goal is that the BIC, InSiGHT, and HVP will first establish standards for the two most common inherited cancer syndromes, with extension to other genes later.
Currently, many groups are cautious in classifying variants as pathogenic unless there is overwhelming epidemiologic evidence of association with the cancer. For example, the BIC database currently uses a three-way classification for ''clinically important'': yes, no, or unknown [Couch and Weber, 1996] . All variants between 0.1 to 99% pathogenicity are listed as ''unknown.'' Many diagnostic laboratories avoid using the category ''likely pathogenic'' because of the potential liability if the classification proves to be incorrect based on new data. Furthermore clinicians may be inclined to interpret this comment as meaning pathogenic but no formal proof yet. These variants are commonly simply reported as ''VUS'' or ''unclassified.'' Some laboratories will cite supporting evidence without reporting a conclusion (for example, if the variant is annotated in a database as pathogenic, or the variant occurs at a conserved residue) and some will not. The outcome of this inconsistency for clinicians and patients in such cases is uninformative; unhelpful at best and, at worst, open to misinterpretation.
This working group noted that in contrast to this conservative approach, healthcare professionals are accustomed to making important clinical decisions based on predictive values of 80 to 85% in many other aspects of oncology. For example, transrectal ultrasound (with an estimated accuracy of 70-90% [Giovannini and Ardizzone, 2006] is the recommended procedure (or ''test'') to use to determine decisions about surgery for rectal cancer. Clinical genetics professionals should be able to discuss rational strategies for variants with 95 to 99% (or conversely 0.1-5%) likelihood of cancer association. Currently, with no accepted standard for a category of ''likely pathogenic'' or ''likely not pathogenic,'' individuals carrying both of these classes of variants are treated based on family history, although vast differences in cancer risks are clearly recognizable (based on expert consensus). This can lead to increased risk for individuals. For example, in hereditary nonpolyposis colon cancer (HNPCC), in the absence of a genetic diagnosis all first-degree relatives of affected individuals are recommended to have frequent (often annual) colonoscopies, which carry a risk for major complications of 1:1,000 colonoscopies, and the risk for death is 1-5:10,000 [Gatto et al., 2003; Becker et al., 2007] . Classifying some variants as Class 4 and testing at-risk relatives for the Class 4 variant can reduce the number of unnecessary colonoscopies in noncarriers.
DEGREE OF RISK ASSOCIATED WITH EACH CATEGORY
We believe that a Bayesian system to generate a posterior probability should ultimately be the standard for all variants. Probabilistic information can be transmitted to patients in a variety of ways to increase understanding [Trevena et al., 2006] . The thresholds of 99% and 0.1%, for Class 5 and Class 1, were chosen as sufficiently likely to be pathogenic or neutral/LCS, respectively, that further data are not likely to change the classification. For Classes 2-4 (posterior probability of pathogenicity 0.1-99%), additional supporting data accumulated over time would help reclassify the variant into a category with increased confidence.
Carriers of a Class 4 variant (95-99% likelihood of pathogenicity) can be advised to undergo surveillance and cancer prevention treatments advised for Class 5 variant carriers even if there is a small risk that they will be overtreated. Class 2 variants (0.1-5% likelihood of pathogenicity) are classified as ''likely not pathogenic.'' They could change to Class 3 (uncertain) if more data favoring pathogenicity are found. However, they are unlikely to convert to Class 4 or 5. Starting with a prior probability of 0.05, new data would need to have a likelihood ratio of 41,900:1 to convert a variant from Class 2 to Class 4 or 5 (posterior probability of Z0.95). Therefore, given the unlikeliness of Class 2 converting to a pathogenic class, Class 2 mutations can be considered to have negligible clinical relevance, although further data should be sought to definitively classify them as Class 1 and not Class 3.
From the clinical perspective, the most important distinction will thus be between Class 3 and Class 4. When considered quantitatively, a posterior probability of 0.95 (Class 4) corresponds to posterior odds of 19:1 (95%/5%). One reason for choosing this cutoff is that a small change in probability below this level results in a larger change in posterior odds (e.g., 90% probability, posterior odds 5 90/10 5 9:1; for 85% probability, posterior odds 5 85/ 15 5 5.7:1). This degree of uncertainty could be significantly altered by new data. Thus, our Class 3 variants carry sufficient uncertainty such that no clinical predictive testing should be done on other relatives and further data are needed before any action is undertaken based on the test result. It is also possible that Class 3 variants with these uncertain odds ratios represent variants with intermediate clinical effects or low penetrance alleles. Further data are needed to verify this hypothesis. Overall, given the uncertainty, clinical advice for carriers of a Class 3 variant (and their family members) should depend on the pattern of cancer in the family, tumor histology, etc. rather than the presence or absence of the variant.
GENERALITY OF THIS CLASSIFICATION
Theoretically, any cancer susceptibility gene can be classified by this system. The challenge will be to develop mechanisms to quantify the posterior probability based on the various methods used to classify variants. At this time, BRCA1 and BRCA2 are the most commonly analyzed human genes in genetic diagnostic laboratories, and a large amount of information is available on their sequence variation. Many BRCA variants can be classified based on posterior probabilities from statistical genetic studies [Easton et al., 2007a . For genes involved in rarer cancer susceptibility syndromes, the problem cannot easily be addressed statistically by comparing cases and controls. For genes that are frequent targets of somatic changes, such as TP53 (MIM] 191170), CDKN2A (MIM] 600160), and RET, somatic mutations that are recurrent in tumor samples can provide quantifiable evidence in favor of pathogenicity [Greenblatt, 2003] . However, limited data on somatic mutation spectra are available for most genes involved in cancer syndromes. Evolutionary conservation data, while unlikely to be definitive alone, have also been quantified and can provide odds ratios that can be used to help determine probability of pathogenicity [reviewed in Tavtigian et al., 2008] . In vitro assays that measure the impact of the variant on function of the encoded protein are promising classifiers for some cancer susceptibility genes. Although their contribution cannot yet be quantified, results from some assays (e.g., MMR) can contribute important qualitative information [see Couch et al., 2008] . The same can be said for tumor pathology features . Convening expert panels, such as the InSiGHT committee described previously for MMR genes, to review the types of data available for each specific gene and condition will encourage the development of numeric scores for all these different types of data. Over time, we expect that these efforts will expand to include researchers and clinicians that focus on less common cancer susceptibility conditions.
STANDARDIZATION OF CLINICAL AND/OR RESEARCH TESTING RECOMMENDATIONS FOR FAMILY MEMBERS
Clearly, sequence variants will continue to represent a challenge for the scientific and medical community. The ultimate aim is to reclassify all Classes 2-4 variants, and if possible to obtain conclusive assignment to either Class 1 or 5. This will be aided by additional testing of family members to obtain information about whether the variant segregates with cancer in the family (referred to as ''research testing'' in Table 4 ) [Goldgar et al., 2004] . It is also important that the results of genetic testing performed in the research setting be made available to the scientific community through peer-reviewed publications and/or locus-specific databases , to allow more rapid progress in our understanding of their functional and clinical consequences.
Currently, presymptomatic testing for clinical use (Table 4 , ''clinical testing'') is generally not recommended for any variant that is classified as uncertain [Vink et al., 2005] . Members of families where such a variant has been detected are given the same clinical recommendations provided to families where no sequence alteration was detected based on family history and on the presence of other risk factors. For the circumstances in which the proband carries a Class 4 ''likely pathogenic'' variant, the 50% of relatives who have not inherited the variant are highly likely to be at average risk for cancer, yet they are still receiving intensive screening and in some cases prophylactic surgery or other therapeutic measures. Conversely, clinicians unfamiliar with genetic terminology may interpret any sequence variant as a deleterious result. If clinicians and molecular pathology laboratories are confident in the standards and recommendations for Classes 2-4, then more rational decisions can be made for these individuals.
We anticipate that use of a five-category classification system will lead to improved interpretation and targeting of clinical protocols for cancer prevention and surveillance. In Table 4 , we provide recommendations for clinical testing of at-risk individuals in the family if testing of the affected proband leads to identification of a sequence variant. Compared to previous standards, the clinical approach is unchanged for probands with variants in Classes 1-3. Predictive testing of their relatives for Classes 2 and 3 variants should not be offered, since knowledge of the genotype does not affect clinical recommendations. However, we recommend predictive testing be available not only to family members of individuals with a clear-cut pathogenic sequence variant (Class 5), but also to those in Class 4, based on strong evidence that the variant is likely pathogenic (Table 4) . Hence, recommendations for cancer surveillance for individuals carrying a Class 4 variant reflect those given for Class 5 carriers. For selected cases, in which the disease gene locus is certain, a sequence variant may be used as a linked marker to predict carrier status and cancer risk within a given family. Before proceeding with linkage testing, two conditions must be met. First, a sufficient number of affected family members must be available for segregation analysis. Second, the variant is found to be cotransmitted with the phenotype in the family under study. Clinical use of a variant in this context is subject to the caveats of indirect testing, namely incomplete sensitivity and specificity due to potential recombination, and is typically carried out by a trained genetics professional aware of these limits. It is rarely appropriate in hereditary breast and ovarian cancer or the Lynch syndrome because of locus heterogeneity.
The biggest potential problem is advising those at-risk individuals in the family who test negative for a Class 4 variant that they are likely not to be at increased cancer risk. Such a discussion should include the 1 to 5% residual likelihood that the variant of interest may not be pathogenic. This explanation is similar to the discussion if no mutation or variant is detected in the proband. This 1 to 5% chance can be ascribed to one of three possible explanations and depends somewhat on the type of family history. First, the technique used for mutation searching is not 100% sensitive (the methods used for mutation testing must be reviewed and it must be certain that a comprehensive mutation search has been conducted in the proband). Second, the proband tested may not be a mutation carrier, the variant is coincidental to disease and a pathogenic mutation is present in another affected family member; depending on family structure the appropriate strategy when no mutation has been found may be to comprehensively test another affected family member. However, in the presence of a variant highly likely to be pathogenic (Class 4), one would test any other affected person in the family for the variant to check that it segregated as the first option rather than comprehensively testing a second family member for other mutations. Note that in this respect, although families segregating two separate mutations have been reported, it is not routine if a Class 5 pathogenic mutation has been detected to conduct a comprehensive, full-mutation screen on a second family member. Finally (and the most likely explanation in the majority of families tested) is that the disease is polygenic and not due to a single highrisk gene segregating in the family. We have used the latter as it is the most likely explanation for most families where no BRCA1/2 mutation is found. The residual risk due to the family history arising as a result of polygenic factors (familial non-BRCA1/ BRCA2 or familial colorectal cancer not due to an MMR gene defect) can be calculated for each condition. This residual risk may be small in comparison to the residual population risk for many of the common cancers being assessed; e.g., breast or colon cancer.
Examples of the potential implications for BRCA1/2 and MMR gene testing are given below.
UTILIZATION OF THE CLASSIFICATION SYSTEM BY MOLECULAR GENETICISTS AND CLINICIANS
We expect that the development of a well-delineated five-class scheme is a significant step forward to standardizing both the classification of rare sequence variants and the clinical management of patients and their families at increased risk of cancer. However, several barriers will need to be overcome to implement this system internationally.
1.Who will assign/calculate the initial classi¢cation at the time of testing?
Given that variant classification is based on information from multiple sources, it is unlikely that any individual would be sufficiently trained to comfortably derive and/or interpret data from all aspects used to classify. As already described, we expect that for most genes expert panels will need to determine the likelihood of pathogenicity for sequence variants to be accepted for use by the cancer genetics community. This is true even when expressed as quantitative scores based on a variety of data types. Coordination between relevant experts is required in order to provide classifications, and such coordination could take several forms.
Building on the approach originally developed by the BIC Steering Committee, and soon to be implemented by InSiGHT, classifications may be provided on well-curated databases by a panel that covers the range of expertise required. The information used and the decision-making processes must be transparently displayed so that clinical and molecular laboratories can assess and interpret the conclusions. In the future, resources could be provided on well-curated databases to calculate probabilities for the variant from data provided by molecular geneticists and/or clinicians (e.g., Bayesian scores for segregation from pedigree information or tumor pathology) combined with other types of data (e.g., evolutionary conservation). This could be achieved by linking pedigree-based programs, such as Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm (BOADICEA) [Antoniou et al., 2008] with databases such as BIC. Even in the absence of absolute probabilities, as is the case for MMR genes variant classification, a set of rules applied to a standard data set could be developed to formalize the ''experiencebased'' approach currently used by most clinical geneticists to assess the clinical significance of a particular variant [Lucci-Cordisco et al., 2006; Barnetson et al., 2008] . Similar systems are used for radiographic and other diagnostic tests.
Discussion is needed to assess where legal liability rests for those that decide on a classification and/or provide the resources for Recommend continuing to test proband for any additional testing modalities available for the disorder in question; e.g., rearrangement testing. such classification (database, programming facilities). The overwhelming view of the IARC Unclassified Genetic Variants Working Group is that the current approach of nonstandardized reporting creates a greater chance of inappropriate decision making and interferes with clinical care.
2.Time and resources are required to provide this classi¢cation.
Any system which requires extensive input by molecular or clinical geneticists in individual laboratories/clinics would need to be recognized by the healthcare provider as a necessary function of these professionals, with provision of appropriate resources to enable improved classification and, consequently, clinical interpretation of these rare variants. Likewise, support would be required, preferably at an international level, to fund and standardize the development of databases to store additional information, or allow active programming for use by individual laboratories/clinics. Currently, the time provided by database curators and members of expert panels is essentially pro bono. Despite this limitation, curators of databases like the BIC and the MMR databases have remained committed over a decade or more because they have felt the need to fill a clear knowledge gap that is hampering the implementation of genetic tests into clinical genetics practice.
3. Presentation of consensus information on diseasespeci¢c databases using standard reporting criteria to facilitate and standardize classi¢cation.
The task of reporting variants is too extensive to be taken on singly by either the molecular geneticist or the clinician dealing directly with the patient. Moreover, the sharing of information from different sources would facilitate the interpretation process by allowing accrual of larger data sets. It should be an international goal to strive for a single entry point for information pertaining to each disease gene, incorporating information from local, national, and commercial databases to allow for compilation of information [see Greenblatt et al., 2008] . The effort on the part of laboratories and national health services to integrate information has been launched by the HVP [Cotton, 2008] . If accomplished, it will improve classification, may allow for feedback to original submitting labs when classifications are updated, and ensure that the information provided to patients with the same variant is the same both within and between families. Because of the use of this information for clinical classification, it may require the formal approval of the relevant clinically-recognized body for each country (e.g., ACMG, British Society for Human Genetics, etc.).
ILLUSTRATION OF SEQUENCE VARIANT CLASSIFICATION AND CLINICAL APPLICATION Example 1: Breast CancerçvariantçBRCA2 D3095E
The variant encoding the putative missense change Asp3095Glu in the BRCA2 gene was identified in a 49-year-old woman diagnosed with breast cancer as shown in Figure 2 . At the time of identifying this variant the following evidence was available to assess pathogenicity: * Seen only once by the clinical diagnostic laboratory performing the test. * The family is small, with no other living affected relatives, so it is not possible to check cosegregation of cancer in the maternal lineage with the variant.
* Both parents are deceased so we are not able to check if this mutation is de novo (de novo mutations are rarely reported in BRCA2). * Reported 12 times in the BIC database and listed as clinical significance ''unknown.'' * There are no reported observations in the literature of this mutation occurring in trans with deleterious mutation (if found this would argue against pathogenicity). * Splicing software predicts normal splicing and no RNA studies have been published. * Asp 3095 is located in the functionally important BRCA2
DNA binding domain and BRCA2 protein containing this variant demonstrates loss of transactivation in vitro [Farrugia et al., 2008] . * Asp 3095 is invariant in an alignment of 12 BRCA2 protein sequences (11 vertebrates plus sea urchin, online at http:// agvgd.iarc.fr/alignments.php). The prior probability that missense substitutions falling at invariant positions in this domain are pathogenic is 0.73 . * Using other algorithms based on sequence conservation demonstrated that the Align-GVGD program (GV, Grantham variation; GD, Grantham deviation; http://agvgd.iarc.fr) and the sorting intolerant from tolerant (SIFT) program predict that the asp to glu substitution is ''probably deleterious'' and the Polymorphism Phenotyping (PolyPhen) tool (http://genetics.bwh.harvard.edu/ pph) predicts that the substitution is benign. * An integrated likelihood ratio based on family histories, cooccurrence, and cosegregation was available from the literature and shows odds of 23:1 in favor of causality [Easton et al., 2007a] . However, this calculation did not consider sequence conservation, predicted effect on function, or functional assay results. Our current assessment of these additional factors yields a probability in favor of pathogenicity of 0.73, or an odds ratio of 2.7. Taking all the available evidence into account and combining this probability with the integrated likelihood ratio, the posterior probability of causality is 98.4%, a Class 4 variant-likely pathogenic.
BRCA2 mutations result in a high risk of both breast and ovarian cancer. We next considered the consequences of identifying this Class 4 variant in the BRCA2 gene in the affected proband and her family. Under our classification, testing of the unaffected sister is recommended. If she tests positive for the Class 4 variant, she has a less than 2% chance that she will be given a falsely higher level of risk than her family history and position in Age 49 Breast Cancer BRCA2 D3095E Age 48 Ovarian Cancer FIGURE 2. The index case (arrowed) was referred to the genetics service following the diagnosis of a grade 3 breast cancer. Her mother died of a serous papillary ovarian carcinoma aged 48 years. Genetic testing revealed variant D3095E in the BRCA2 gene.
the family alone would predict. The lower limit of pathogenicity for calling a variant Class 4 is 95% (or a 5% chance that the information given will be based on a false premise of pathogenicity). At this level of posterior probability, we should follow the same clinical recommendations as given to a carrier of a Class 5 pathogenic mutation.
To illustrate the robustness of these recommendations we have estimated the impact on risk for making these recommendations in a Class 4 variant at the lower limit of 95%.
1. The sister's genetic test shows that she carries the variant:
Interpretation-she has a high risk for developing BRCA2-associated cancers. [Wanat et al., 2007] . * P654 is invariant in evolution. Several computational algorithms all predict that P654L would be deleterious (positive predictive value of mutation at an invariant site 96.8% [Chan et al., 2007] ).
The conclusion of the MMR Gene Missense Mutation Database and of the relevant publications is that the variant is likely pathogenic (www.mmrmissense.net) [Raevaara et al., 2005; Chan et al., 2007; Mangold et al., 2005] . However, some uncertainty remains regarding pathogenicity, since some but not all assays showed functional deficiency, cosegregation has not been established, and the presence of P654 in relevant control populations has not been reported. Currently that uncertainty cannot be quantified by a likelihood ratio, but we approximate it as 95 to 99% likelihood of pathogenicity. In the new classification system this would be a Class 4 variant.
Recommendations for individuals that carry deleterious MMR gene variants thought to cause HNPCC and who have a high lifetime risk (estimated on average at about 70% cumulative lifetime risk) of developing colorectal cancer have been published [Lindor et al., 2006] . Intensive colonoscopic screening starting in the third decade of life is standard. For carriers of MMR gene variants that are judged to have a 95% probability of pathogenicity, full screening recommendations seem reasonable. Using a similar rationale as for the breast cancer example, lifetime risk for colorectal cancer for a family member testing positive for this mutation is: ð0:95 probability 0:7 penetranceÞ þ ð0:05 probability Â 0:06 general population riskÞ ¼ 0:665 þ 0:003 ¼ 0:668
The cancer risk assessment of a noncarrier of P654L in this family must include the residual 5% probability that this Class 4 variant is neutral and that there is an undetected MMR mutation in the family that is causing the HNPCC, so it is slightly higher than the 6% risk of the general population. Assuming a 50% chance of carrying the occult variant, and using the lifetime risk of colorectal cancer in a MMR mutation carrier of 70%, the residual additional cancer risk is the chance of additional mutation Â penetrance Â 0.5:
Lifetime risk ¼ population risk þ residual genetic risk ð0:95 probability Â 0:06 general population riskÞ þ ð0:05 probability Â 0:7 penetration Â 0:5Þ ¼ 0:057 þ 0:018 ¼ 0:075
The relative colon cancer risk in HNPCC is higher at younger age. The median age of onset of cancer in most HNPCC reports has been in the mid-40s [Lindor et al., 2006] . Risk of colon cancer before age 40 years in an HNPCC carrier is approximately 30% [Plaschke, 2004] . Thus, the proportion of the residual risk prior to age 40 or 50 years may be roughly estimated: A screening strategy for age of initiation and frequency should be developed by an expert panel and studied in this population, but it seems reasonable to discuss with individual patients whether they wish to undergo an invasive screening examination like colonoscopy in light of a 1% chance of developing colorectal cancer before age 50 years. A recommendation for screening, in line with a modest increase in genetic risk for a patient choosing to be screened, would be one option. These recommendations currently vary among centers and among countries. A strategy of intermediate intensity might include colonoscopies beginning at age 35 to 40 years with a frequency between the extremes of 1-2 years (HNPCC) and 7-10 years (general population). The panel would also need to consider recommendations for surveillance of other HNPCC-associated cancers, including endometrial and ovarian.
CONCLUSION
We have presented in this article a scheme for clinical reporting of genetic variants particularly oriented toward inherited mutations in tumor suppressor genes conferring a high risk of cancer. Both under-and overinterpretation of such a result are common in clinical practice. The purpose of this classification and reporting framework is to improve the clinical utilization of genetic testing results, to maximize the opportunity to learn more about variants for the benefit of other families, and to minimize the risk of incorrect interpretation of variants in the clinical setting. If applied successfully, the principles of this classification could be expanded to other genes in which inactivating mutations can occur throughout the gene and in which analysis of the gene detects sequence variants for which a clear functional consequence cannot be immediately assigned.
